Abstract A comparative phenotypic and morpho-histological study was carried out on tissue culture-derived truncated leaf syndrome (TLS) and wild-type oil palm seedlings to investigate their phenotypic and morpho-histological differences. On the basis of the percentage of TLS occurence in a clone, the TLS seedlings were categorized into three groups: severe (70-100%), moderate (40-69%) and mild (\40%). Wild and TLS seedlings differ in terms of growth, vigor, leaf size and shape, root number, volume, length as well as the size of shoot apical meristem (SAM).
Introduction
Oil palm is the most important oil crop that gives the highest oil yield (Basiron 2008) , which is tenfold higher than any other oil-producing crops (Oil World 2007) . There is a huge gap between the demand and supply of palm oil as the world population is increasing. Hence, the improvement in palm oil yield as well as maintaining the quality is crucial to fulfill the demand of an ever increasing population (Sambanthamurthi et al. 2009 ). Vegetative propagation of single-stemmed oil palm is not possible, as it does not produce offshoots or suckers (Gillbanks 2003) . Improvement of oil palm through conventional breeding requires a long time because of its long life cycle. The use of biotechnological methods offers a way to bypass the disadvantages of conventional breeding, where in vitro micropropagation via somatic embryogenesis seems to be the appropriate solution for mass propagation of elite varieties with desired characteristics such as high yield, slow vertical growth and disease resistance (Basri and Siti Nor Akram Henson 2004) . Up to 30% increase in yield and a significant reduction in time can be achieved by using tissue-cultured materials (Willis et al. 2008) .
However, the large-scale micropropagation of oil palm via tissue culture is hampered by the occurrence of somaclonal variation. Somaclonal variants are off-type plants that are regenerated from cultured somatic cells (Rout et al. 2000; Jain 2001 ; Thomas et al. 2006) . Usually, these somaclonal variants reduce the commercial value of resultant plants (Oh et al. 2007 ). The somaclonal variations observed can be genotypic or phenotypic; in the latter, it can either be genetic or epigenetic in origin. Examples of genetic variations are changes in chromosome numbers (polyploidy and aneuploidy), chromosome structure (translocations, deletions, insertions and duplications) and DNA sequence (base mutations). Epigenetic alteration is one of the important causes of somaclonal variation and possibly caused by DNA methylation.
One of the somaclonal variations observed in tissue culture-derived oil palm seedlings is called self-pruning or truncated leaf syndrome (TLS) abnormality. This abnormality was first reported in some tissue culture-derived oil palm seedlings in the nursery in 1989 (Tan et al. 1996) . This syndrome is observed within a few months after transplanting from culture. Abnormal leaves show partial necrosis across the lamina, resulting in a phenotype, which resembles damage caused by grasshopper or insects. In these seedlings, most leaves are missing, stunted growth is observed, only the stub remains and eventually the seedling is culled off in severe cases (Tan et al. 1999 ). This abnormality was suggested to arise due to boron deficiency, since mildly affected TLS seedlings recovered when treated with boron fertilizers (Tan et al. 1996) .
To our knowledge, after Tan et al. (1999) , no detailed information is known or reported about the causes of the TLS seedlings. To identify the causes behind the TLS occurrence, it is essential to know the details of the phenotype, morphology, anatomy, nutritional status, hormonal level and the genes that are expressed or suppressed in the TLS seedlings. As a first step toward understanding this somaclonal variation, an attempt was made to investigate the phenotypic and morpho-histological differences of TLS seedlings in comparison with the wild-type seedlings.
Materials and methods

Plant materials
A total of 370 TLS and 160 wild-type seedlings from nine different clones of oil palm (Elaeis guineensis Jacq. variety tenera) were collected from FELDA Agricultural Services Sdn Bhd, Malaysia. The clones were designated as 1077, 7777, 7655, 1046, 2751, 1096, 2818, 1072 and 1073 . The TLS and wild-type seedlings from each clone were of the same age and parentage.
Scoring of the abnormal phenotype
On the basis of the percentage of TLS occurence in a clone, the clone was categorized either as severe, moderate or mild. Digital images of seedlings, leaves, roots and shoot apical meristem of these groups were captured (Nikon D-50, Japan) to enable phenotypic analysis between TLS and wild type to be carried out.
Scanning electron microscopy
Leaves from plants having severe, moderate and mild and wild type were cut into small pieces (approximately 1 cm 2 ) for electron microscopic investigation. For SEM observation, two leaves per group were used. The leaf sections were fixed in 4% (v/v) buffered gluteraldehyde for 24 h, washed with 0.1 M sodium cacodylate buffer and postfixed in buffered osmium tetraoxide (OsO 4 ) for 2 h. Subsequently, the leaf sections were dehydrated in a series of 100% (ascending order) acetone and dried using a Critical Point Dryer (Hitachi HCP-2, Japan). The samples were mounted on cylinder stubs, sputter coated with gold and viewed with scanning electron microscope (XL ESEM, Philips, Thailand). The number of stomata was counted at five randomly selected locations on each leaf section covering an area of 100 lm under the electron microscope.
Histology
The leaf, root and shoot apical meristem were cut into small pieces (approximately 1 cm 2 ) for light microscopic investigation. They were fixed in fixative solution (25% (v/v) glutaraldehyde solution, 10% (w/v) paraformaldehyde solution, 1 g of caffeine) as described in Schwendiman et al. (1988) . Subsequently, the samples were dehydrated in a graded ethanol series and then embedded in HistoResin mounting medium (Leica-Reichert Jung 702218-501 and Leica-Reichert Jung 702218-502). The samples were cut (3-5 lm thick) with a rotary microtome and stained with periodic acid, Schiff's reagent and counterstained with naphthol blue black (NBB). The sections were mounted with Surgipath mounting medium (SURGIPATH Medical Industries, Inc.) on glass slides and were examined under Leica MZ8 stereomicroscope (Wetzler, Germany). The length and width of sub-epidermal cells of both types were measured.
Data collection
The height, root length and volume, number of roots and root hairs, leaf length and width, and length and width of shoot apical meristem (SAM) of TLS and wild-type seedlings were compared using a graph paper. For the highly discriminated traits such as fresh leaves, roots and SAM, weight per plant was taken from ten plants that were randomly selected from TLS and wild-type seedlings of each clone.
Statistical analysis
Data were presented as means of standard errors and the difference between the TLS and wild type and within the TLS groups were computed by paired t test with P \ 0.01.
Results
Scoring of the abnormal phenotype
The nine clones of oil palm seedlings were categorized into three groups: severe, moderate and mild depending on the frequency of occurence (Table 1) . When TLS occurrence in a clone was more than 70, 40-69 and \40%, they were categorized as severe, moderate and mild, respectively.
Phenotypic observation
Stunted growth and low vigor were found in TLS seedlings compared to wild type in all categories and were more prominent in severe TLS seedlings (Fig. 1) . The mild TLS seedlings did not show noticeable phenotypic abnormalities compared to wild type except for height. Clear phenotypic differences were observed in plants having (Fig. 2) . The phenotype of TLS leaf resembles damages caused by grasshopper with reduced length and width ( Fig. 2f-h ). In severely affected TLS seeedlings, leaves were curled and pale in color (Fig. 2d, h ) compared to the leaves of wild type which were healthy, regular in size and shape and had dark green color (Fig. 2a, e) . The number of roots and root hairs as well as their length and volume was less in TLS ( Fig. 2j-l) than in wild-type seedlings (Fig. 2i) .
Moreover, the size of SAM was smaller in TLS (Fig. 2n-p) compared to wild-type seedlings (Fig. 2m ).
There were significant differences between wild and TLS seedlings for fresh weight of leaves, roots and SAM of within (Fig. 3) and between three different groups. Within groups, fresh leaf weight was significantly higher in wild type in all categories, whereas fresh weight of root and SAM were higher only in the severe and moderate groups compared to TLS seedlings (Fig. 3a-c) . Significant differences were found among severe, moderate and mild TLS seedlings in terms of fresh leaf and root weight. Fig. 2 Phenotypic features of seedlings, leaves, roots and shoot apical meristems of different categories of TLS seedlings in comparison to the wild-type seedlings. In wild type, phenotypes observed were healthy seedling (a), dark green and normal leaf shape (e), dense root (i) and large SAM (m). In all TLS groups, seedlings showed less vigor (b-d), stunted growth, less green leaves phenotype (f-h) with necrosis and truncation at the tip, less number of roots (jl) and smaller SAM (n-p) compared to wild type (color figure online) Significantly higher SAM fresh weight was observed only in mild compared to severe and moderate TLS seedlings.
Scanning electron microscopic observation Clear differences were found in leaf topography of wildtype and TLS seedlings. Leaf section was straight in wildtype (Fig. 4a ), but wrinkled in severe and moderate TLS (Fig. 4b, c) seedlings. Smooth leaf surface was observed in wild type (Fig. 4d) , which was undulated or wavy in TLS seedlings (Fig. 4e) . In wild type, individual epidermal cells were visible unlike in TLS, where the cells were coalesced to each other (Fig. 4e, f) . Normal stomata were found superficially in wild-type seedlings (Fig. 4d) , whereas in TLS they were sunken and distorted (Fig. 4h, i) . In both adaxial and abaxial surfaces, stomatal density was significantly (P B 0.01) higher in wild type than in TLS (Fig. 4j) .
Histological study of the leaf
The cross section of wildtype and severe TLS leaf are shown in Fig. 5 . The leaf cross section of wild-type seedlings was relatively normal where cell vacuoles were normally present and mesophyll cells were properly arranged with representative number of chloroplast in the mesophyll (Fig. 5a ). On the other hand, the leaf cross section of TLS seedlings was severely distorted where most of the cells lack vacuole and mesophyll cells was loosely arranged with fewer chloroplasts, and in some areas of the leaf no mesophyll cells (nm) were present (Fig. 5b) . Comparatively longer epidermal cells, depressed epidermal layer and more unorganized intercellular spaces were observed in TLS seedlings (Fig. 5b, c) . Quantitative analysis revealed that the length and width of sub-epidermal cells of TLS seedlings were significantly (P B 0.01) bigger in comparison to the wild type (Fig. 5d) .
The wild-type and TLS leaves also differed in the number of vascular bundles. In the same unit area, larger and higher numbers of vascular bundles were observed in the wild-type leaf section (Fig. 6a) , while there were no vascular bundles in some severe TLS leaf sections (data not shown). In some severe TLS leaf sections, small area was occupied by a few number of undifferentiated vascular elements, but these were not distinguishable (Fig. 6b) . A few smaller vascular bundles were present in moderate and mild TLS leaf sections (data not shown). The differences in vascular bundle structure between wild-type and TLS leaf are shown in Fig. 6c and d , respectively. Well-developed vascular bundles were observed in the wild-type leaf. In contrast, poorly developed vascular bundles were found in the TLS leaf where metaxylem was absent and there was no indication of phloem development (Fig. 6d) .
The cross section of severely affected TLS leaf showed that the width of the leaf lamina was uneven, i.e., some areas were wider and some were narrower and smaller subepidermal and fewer mesophyll cells were found in these regions than in wider areas (Fig. 7a) . Although normal epidermal and compact mesophyll cells with more chloroplasts were observed in moderate and mild TLS leaves (data not shown), the shape of the sub-epidermal cells showed aberrant morphologies. In some severe TLS, these epidermal cells were more or less rectangular (Fig. 7a) , oblong (Fig. 7b) , orbicular or circular in shape (Fig. 7b, c ) and some were variable in shape (Fig. 7a-d) . Fig. 3 Comparison of fresh weight of leaf, root and SAM of wildtype and TLS seedlings of different groups. a Fresh leaf, root and SAM weight per plant of TLS compared to wild-type seedlings in severe group; b fresh leaf, root and SAM weight per plant of TLS compared to wild-type seedlings in the moderate group; and c fresh leaf, root and SAM weight per plant of TLS compared to wild-type seedlings in the mild group. Different letters indicate significant differences between wild and TLS seedlings. The different letters in the parenthesis indicate significant differences among the three different TLS groups
Histology of roots
The cross section of wild-type and TLS roots did not show noticeable differences, but less number of cortex parenchyma cells with more intercellular spaces in TLS was found compared to wild-type seedlings (data not shown). Obvious differences in root tip between wild type and TLS were observed under light microscope. The longitudinal root tip section of the wild type showed normal structure with root cap, calyptrogens (actively dividing root cap cells), quiescent center and procambium (Fig. 8c) , whereas calyptrogens and quiescent center were absent and root tips were smaller in moderate and severe TLS root tips (Fig. 8d, f) .
Histological study of shoot apical meristem
The longitudinal section of wild-type shoot apical meristem (SAM) revealed that it had leaf primordia in a regular spacing (Fig. 9b) . However, smaller and compact SAM were observed in TLS seedlings where leaf primordia were in a twisted arrangement (Fig. 9a) .
Discussion
Although truncated leaf syndrome (TLS) abnormality was first reported in 1989 in tissue culture-derived seedlings of oil palm, there has been no thorough study to date on this somaclonal variant. This is the first attempt to phenotypically and morpho-histologically characterize TLS seedlings in comparison to wild type with the hope to explore new insights into this abnormality.
TLS seedlings differ from wild type in many aspects, although both are derived from the same clone and batch of culture. TLS seedlings possess abnormal leaves with truncation in the leaf margin, which resemble damage by insect. This leaf truncation could be attributed to the Arrow showing depressed epidermal layer. c Cuticle, e epidermis, se sub-epidermis, is intercellular spaces, nm no mesophyll area. d Mean values of sub-epidermal cell length and width of TLS and wild-type seedlings. Different letters indicate significant differences between wild and TLS seedlings smaller SAM. From the phenotypic study, it was confirmed that there was a clear relationship between phenotypic abnormality and SAM size (Fig. 2) . The severity of TLS increased as the size of SAM decreased. Wild-type seedlings possess the largest SAM compared to all TLS seedlings resulting in healthy shoot and root systems. On the other hand, severe TLS seedlings possess the smallest SAM and poorest shoot and root systems than other groups of TLS and wild-type seedlings. Probably, this damage is more from the developmental aspect which affects the overall growth of the TLS seedlings. The SAM has a central role in plant development, particularly in leaf formation and production of all the above-ground organs in higher plants (Takada and Tasaka 2002; Itoh et al. 2000) . Previous research has shown that both enlarged and reduced SAM size can affect leaf primordial initiation (Obara et al. 2004 ). The rice sho mutants have small and wide SAMs and formed thread-like leaves with random phyllotaxy and short plastochron (Itoh et al. 1998) . Narrow leaves were also found in maize decussate abph1 plants compared to their normal siblings due to larger SAM size (Jackson and Hake 1999) . Genetic and molecular studies of the gene CLAVATA (CLV) revealed that enlarged clv1 meristems are correlated with abnormal phyllotaxy and an increased number of floral organs (Clark et al. 1993 ). These studies strongly suggest an important correlation between the lateral organ initiation and SAM size. It also implies that abnormality observed in TLS seedlings could be due to reduced SAM size.
The leaf phenotype of TLS seedlings was wrinkled, reduced in length and width, and less green in color compared to the wild type. Electron microscopy study also showed that TLS leaf surface was undulated and the epidermal cells were coalesced. TLS and wild-type seedlings also differ in terms of stomatal morphology and number. Phenotypic changes have been reported in micropropagated plantlets of several species after their ex vitro transfer possibly caused by sudden changes in environmental conditions (Johansson et al. 1992; Noe and Bonini 1996; Pospišilová et al. 1999) . The anatomical variations observed in tobacco and cauliflower in in vitro stages at dissimilar ventilations revealed that this abnormality might be due to the acclimatization stage (Zobayed et al. 2001 ). Olmos and Hellin (1998) also reported that the abnormal and low stomatal densities in regenerated carnation plants were due to the greater size of the epidermal cells.
Histological analysis showed depressed and longer epidermal layer and larger sub-epidermal cells with different shape, disorganized mesophyll cells having more intercellular spaces and less developed vascular system in TLS leaf compared to the wild type. Johansson et al. (1992) also observed larger epidermal cells, changed mesophyll structure and few palisade cells with more intercellular spaces in micropropagated rose after their ex vitro transfer. Those differences were attributed to the sudden changes in environmental conditions. Disorganized mesophyll with large intercellular spaces and less developed vascular system were also found in micropropagated artichoke leaves due to the duration changes in ex vitro acclimatization stage (Apóstolo et al. 2005) . Poorly developed vascular bundle with undifferentiated xylem and phloem was also reported in in vitro plants of date palm (El-Bahr et al. 2004 ). From the above-mentioned studies, it is clear that such kind of structural changes might be associated with sudden changes of environmental conditions during in vitro cultivations or ex vitro acclimatization stage.
In tissue culture, the plant grows under low light regimes (Estrada-Luna et al. 2001) . For photosynthesis, plants require sunlight and therefore are constantly exposed to potentially damaging UV radiation such as UV-C (k \ 280 nm) and UV-B (280-320 nm) that is present in sunlight (Kucera et al. 2003) . Growth and productivity of plants are hampered by excessive UV radiation, because it damages DNA, RNA and proteins (Teramura 1983; Sisson 1986; Tevini and Teramura 1989; Quaite et al. 1992; Stapleton 1992) . A few ramets of mildly affected TLS seedlings recovered when placed in shade (Tan et al. 1996) . Hence, phenotypic and morpho-histological changes observed in TLS seedlings could be due to sudden changes of light intensity and/or by the UV radiation when plants were transferred ex vitro from in vitro conditions. The severely and moderately affected TLS seedlings were unable to recover possibly due to severe damage in their structure.
The phenotypic changes and anatomical alteration of TLS seedlings in this study such as deformed and fewer numbers of stomata, hypertrophy, lesser number of vascular bundle, poorly developed vascular system and impaired root tip also could be due to boron deficiency. Deformed and fewer numbers of stomata and vascular bundles as well as hypertrophy of mesophyll cells were found in boron-deficient coffee leaves (Ciro and Vagner 2007) . The findings of this study are in line with the suggestions of Tan et al. (1999) that only mildly affected TLS seedlings recover after boron treatment.
Sunken and distorted stomata, wavy leaf surface and depressed epidermal layer may hamper the proper gas exchange and photosynthesis. Less developed vascular system, impaired root tips, and truncated and reduced leaf size also may adversely affect transpiration, nutrient absorption and transportation, which might ultimately affect overall plant growth and development. Therefore, the present work implies that these alterations might be the cause for the lack of plant recovery in severe and moderate TLS plants.
From the present study, many shortcomings in the structure and anatomy were observed in TLS seedlings compared to wild type. But, it is still uncertain why seedlings derived from the same clone and batch of culture can behave so differently as those developed normally, while others show varying degrees of TLS severity. Several factors might be involved in this somaclonal variation (TLS) such as environmental, physiological and genetic changes in the somatic cell during micropropagation or epigenetic causes. Therefore, detailed physiological studies of this somaclone, such as boron level and hormonal status coupled with thorough molecular analysis of SAM and other tissues in TLS seedlings, are essential for a clear understanding of this somaclonal variant in tissue culturederived oil palm seedlings.
